INTRODUCTION

74
Phospholipid homeostasis is crucial in the maintenance of various cellular processes and functions. a role in the translocation of proteins into the ER (Fig. S1 ). It is non-essential for translocation but can 165 cause a translocation defect when both Sbh1 and its homolog, Sbh2, are absent (Feng et al., 2007) .
167
To assess the stability of TP candidates during lipid imbalance, cycloheximide chase assay was 168 performed in WT and opi3Δ strains. Time points were taken from adding translation inhibitor 169 cycloheximide to measure the half-life of HA tagged-proteins over a period of one hour. Emc4, Nsg2,
170
and Sbh1 half-life were found to be significantly reduced under lipid disequilibrium (Fig. 1 C) . No 171 significant decrease in Cue1-HA protein level was detected in opi3Δ (P value of 0.051). After one hour 172 chase, protein levels of Emc4, Nsg2, and Sbh1 were found to be 27%, 41%, and 58% lower in opi3Δ,
173
respectively, compared to WT. This suggests that the UPR programme transcriptionally upregulates 174 genes to restore ER homeostasis upon LP while a subset of TPs is degraded prematurely.
176
A subset of ER-localised transmembrane proteins is destabilised by a decrease in
phosphatidylcholine
178
To ensure that Cue1, Emc4, Nsg2, and Sbh1 are not prematurely degraded due to mislocalisation,
179
indirect immunofluorescence was performed with the four protein candidates. They were found to co-180 localise with the molecular chaperone ER marker Kar2 in opi3Δ as in WT (Fig. 2 A) . To further confirm 181 the four TPs remain inserted into the ER membrane, cell extracts from WT and opi3Δ strains expressing 182 the four candidates were treated with alkali to strip soluble and peripherally associated protein from 183 membranes (Stukey, McDonough, & Martin, 1989) . Membranes and alkali-extracted proteins were 184 separated by high speed centrifugation and detected by immunoblots. The four candidates were 185 fractionated exclusively within the membrane pellet (Fig. 2 B) . Together, these results suggest that 186 localisation and integration of the four TPs into the ER membrane were unaffected by 187 phosphatidylcholine depletion. To ensure the premature degradation of these four proteins is not due 188 to inverted topology, we performed proteinase K (PK) digestion from isolated microsomes (Fig. 2 C) . In
189
WT cells, C-termini HA tags of Cue1-HA, Emc4-HA and Nsg2-HA are found in the cytosol. Thus, HA 190 tag will be cleaved off if the topology is intact while a peptide will be detected if the topology is inverted 
206
and Sbh1-HA to the level found in WT (Fig. 2 D) . Subsequently, we concentrated our effort on Sbh1 to 207 better understand how a membrane protein is destabilised from LP. 
218
Changes in ER membrane fluidity is sufficient to destabilise Sbh1
219
To characterise lipid remodelling specific to the ER in opi3Δ that might contribute to the premature 220 degradation of TPs, we analysed the fatty acid (FA) composition of whole cells and fractionated microsomes from WT and opi3Δ. Overall, total FAs in opi3Δ cells increased by 96% when compared to 222 WT (Fig. 3 B) . This was expected as opi3Δ accumulates large lipid droplets (Fei et al., 2011; Thibault saturated FAs is more drastic in opi3Δ microsomes compared to whole cells (Fig. 3 B) . In addition of FAs remodelling, the intermediate for the synthesis of PC from PE, MMPE, becomes the most abundant 228 phospholipid with the depletion of OPI3 as previously reported (Fig. 1 A) 
245
To further investigate the role of membrane fluidity on the stability of Sbh1, we introduced the stearoyl-
246
CoA desaturase gene OLE1 under the control of the expression promoter PRC1 to increase 
249
OLE1 cannot be carried out to mimic the decrease of membrane fluidity found in opi3Δ. An increase in
250
MUFAs resulted in the rapid degradation of Sbh1 in WT cells similar to the degradation rate observed 251 in opi3Δ (Fig. 3 F) . The overexpression of OLE1 in opi3Δ did not restore membrane fluidity (Fig. 3 D, 
252
E) and had no significant effect on the stability of Sbh1 (Fig. 3 F) . This may be due to other changes besides saturation which affects the fluidity of the ER membrane in cells under LP such an increase in 254 membrane protein abundance.
Sbh1 dissociates from Sec61 complex under lipid imbalance
257
To further characterise the effect of LP on Sbh1 stability, we performed split ubiquitin based membrane (Fig. 4 B) 
294
To ensure that Sbh1 is destabilised from a change in membrane fluidity and not from the destabilisation 
310
To further validate that Sbh1 is degraded in a Doa10-dependent manner, we carried out cycloheximide 311 chase assay to monitor Sbh1 stability in different ERAD mutants. Sbh1 was found to be fully stabilised 312 in opi3Δdoa10Δ but not in opi3Δhrd1Δ and opi3Δusa1Δ mutants ( 
316
Sbh1 degradation is not affected by genetically inhibiting vacuolar protein degradation using pep4Δ but 317 showed dependency to Cue1, a conserved element in both the Doa10 and Hrd1 complexes (Fig. S6 ).
318
Together with the MYTH data, it suggests that Sbh1 is exclusively targeted for degradation by the ERAD 319 Doa10 complex through a cytosolic lesion.
321
To further elucidate how Sbh1 might be targeted for degradation from the Doa10 complex, we looked 322 into the conservation of the lysine residues of the cytoplasmic domain of Sbh1. We aligned Sbh1 (Fig 5D) . As the UPR is muted in ire1Δ, this suggests that the UPR is unable to intervene to fix components of the post-translational translocation complex by the UPR is sufficient to overcome the 345 delay in translocation in opi3Δ and opi3Δsbh1Δ mutants. This suggests that low abundance of Sbh1 346 under LP can result in the translocation defect seen in cells under LP. Taken together, our data suggest that Sbh1 dissociates from the Sec61 complex causing it to be prematurely ubiquitylated by the Doa10 348 complex (Fig 5E) . This targeting by the ERAD complex leads to Sbh1 degradation by the proteasome 349 resulting in translocation defect of Sbh1-depleted Sec61 complexes. 
384
mono-methylated, it has physical properties similar to PE (Fig. 1 A) . The increase in membrane 385 curvature from the replacement of PC to MMPE may induce cells to decrease their fatty acid chain 386 lengths in accordance to the seminal Helfrich theory of membrane bending elasticity (Fig. 3 A; cell suggests either the ER is more susceptible to LP due to the minimal presence of ergosterol at the 389 ER (Zinser et al., 1993) or cells respond more aggressively to the ER membrane bilayer disruption to 390 alleviate ER stress. Accordingly, a rise in membrane lipid packing from elevated saturated fatty acids 391 will reduce the potency to form curvatures (Fig. 3 B) .
393
The remodelling of the ER to alleviate negative membrane curvature stress, induced from high PE and (Fig. 4, A 
408
However, Sbh1 is not required for the stability of Sec61 in complex with Sss1 (Fig. 4 C) . In contrast, 
425
degradation from a change in the biophysical property of the membrane (Fig. 5 E) . It remains to be 426 determined if Sbh1 degradation mechanism from LP applies to other unstable TPs identified (Fig. 1 B) .
427
Additionally, the absence of PC large head-group and the abnormally high presence of PE and MMPE
428
smaller head-groups at the lipid-cytosol interface should result in an increase in exposure of Sbh1 lysine recovery mechanism that helps cells cope to the otherwise lethal effects of LP (Thibault et al., 2012).
433
Despite this robust stress response under LP, the UPR programme fails to increase the expression 434 level of a subset of TPs (Fig. 1 C) . The premature degradation of these TPs can prevent an effective 435 proteostatic response especially under prolonged LP (Fig. 6) . ER stress induced from a temporary lipid 436 perturbation will result in the upregulation of UPR target genes and consequently ER homeostasis.
437
However, in the context of fatty liver, prolonged LP might prevent cells to reach ER homeostasis from 438 the premature degradation of some key UPR target TPs. Therefore, this will lead to chronic ER stress 
456
MATERIALS AND METHODS
457
Statistics
458
Error bars indicate standard error of the mean (SEM), calculated from at least three biological replicates, unless otherwise indicated. P values were calculated using two-tailed Student's t test, unless otherwise 
474
Plasmids used in this study
475
Plasmids and primers used in this study are listed in Table S3 and S4, respectively. Plasmids were 476 constructed using standard cloning protocols. All coding sequences of constructs used in this study 
486
The plasmid pGT0349 was generated by Gibson assembly to join promoter of PRC1 and open reading 487 frame of OLE1 generated with primers BN001 and BN002 from WT gDNA with a 3X FLAG tag amplified 488 with primers BN015 and BN016 from pGT0284 into pRS313. The plasmid pGT0352 was generated by 489 performing a site directed mutagenesis with primer BN037 and BN038 on pGT0183 as previously Typically, 6 OD600 units of early log phase cells were grown in synthetic media. Protein synthesis was 
507
Indirect immunofluorescence
508
Indirect immunofluorescence was carried out as previously described (Spear & Ng, 2003) . Typically, 509 cells were grown to early log phase at 30°C in selective synthetic complete media, fixed in 10% 510 formaldehyde and permeabilised. After blocking with 3% BSA, staining was performed using anti-HA
511
(1:200) and anti-Kar2p primary antibody (1:1,000) followed by Alexa Fluor 488 goat anti-rabbit 512 secondary antibody (1:1,000). Samples were visualised using a Zeiss LSM 710 microscope with a 100x 
517
Five OD600 of early log phase cells were resuspended in 1.2 ml of 10 mM sodium phosphate pH 7.0, 
546
Lyophilised samples were subjected to 300 µl 1.25 M HCl-MeOH (Sigma-Aldrich, St. Louis, MO) and 547 incubated at 80°C for 1 h to hydrolyse and esterify FAs into FA methyl ester (FAME). FAME were 548 extracted three times with 1 ml of hexane and separated on a gas chromatography with flame ionization was held 3 min at 160°C and increase to 180°C with 1.5°C/min increments and to 220°C with 4°C/min 552 increments.
Fluorescent recovery after photobleaching
555
Fluorescent recovery after photobleaching (FRAP) was carried out as previously described (Shibata et 556 al., 2008). Typically, early log phase cells expressing Sec63-GFP were fixed on coverslips in Attofluor 557 cell chamber (Thermo Fisher, Waltham, MA) with Concanavalin A before rinsing thrice with ddH2O.
558
Cells were imaged for 5 s followed by photobleaching a region of interest of 82 x 82 pixels at 100% 559 intensity 488 nm laser under 5x magnification. Subsequently, images were taken at 1.57 sec intervals 560 for a total of 160 sec. Images were acquired using a Zeiss LSM 710 microscope with a 100x 1.4 NA oil μm. ZEN black edition was used for image acquisition and analysis. Magnification, laser power, and 
576
The t½ values were plotted using GraphPad Prism 5.0.
tag at the N-terminus of Sbh1 under the control of the promoter CYC1 and transformed in NMY51 strain. 
618
The β-galactosidase reporter assay was carried out as previously described (Thibault et al., 2011).
619
Typically, 4 OD600 units of early log phase cells were collected and resuspended in 75 μl LacZ buffer
620
(125 mM sodium phosphate, pH 7, 10 mM KCl, 1 mM MgSO4, 50 mM β-mercaptoethanol). As positive
621
control to induce the UPR, tunicamycin was added at a concentration of 2.5 μg/ml to growing WT cells 
629
Miller units = 1000 x (OD420-1.75x OD550)/(t x (VA/VR) x OD600) (3)
630
The values were then normalised to the activity of WT.
632
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911
(T), and the remaining was subjected to centrifugation at 100,000 x g. Supernatant (S) and membrane 912 pellet (P) fractions were collected and analysed by immunoblotting. Proteins were detected using anti-
913
HA antibody. Kar2 and Sec61 serve as soluble and integral membrane protein controls, respectively. 
1015
The degradation of Sbh1-HA was analysed in WT and opi3Δ cells containing control vector (ve) or Figure S3 . Lack of OPI3 leads to broad remodelling of fatty acids.
1021
Percentage of fatty acid chain lengths to total fatty acids in opi3Δ is compared to WT. Total fatty acid 1022 content in microsomes of WT and opi3Δ were quantified by gas chromatography after FAME 
1049
Cells were grown to early log phase at 30˚C in selective synthetic complete media. UPR induction was 1050 measured using a UPRE-LacZ reporter assay. Tm, tunicamycin. 
